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Abstract
Sensors, actuators, and sensor-actuator systems are often based on the mutual interaction of physical ﬁelds, e.g.,
the mechanical ﬁeld with the electromagnetic ﬁeld. The accurate modeling of such transducers leads to so-called
multi-ﬁeld problems, which are described by a system of non-linear partial diﬀerential equations. These systems can-
not be solved analytically and thus numerical calculation schemes have to be applied. Therewith, we have developed
the simulation tool CFS++ (Coupled Field Simulation in C++) based on the Finite Element (FE) method, which is
capable of eﬃciently solving the arising partial diﬀerential equations. The program is applicable for simulating ca-
pacitive micromachined transducers, piezoelectric transducers, electromagnetic and magnetomechanical sensors and
actuators. It also contains models for (aero-)acoustics and ultrasound transducers. Furthermore, we oﬀer advanced
material models including hysteretic behaviors.
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1. Introduction
Although in the last years many commercial numerical simulation tools have been developed and are on the
market, there is still a strong need for appropriate tools capable to simulate multi-ﬁeld problems. An implementation
of a new partial diﬀerential equation (PDE) or physical coupling between PDEs into a commercial software, e.g. using
provided interfaces via user routines, results in most cases in very ineﬃcient numerical schemes. For this reason, we
have decided to develop our own tool, tuned to sensor and actuator applications using latest numerical algorithms. The
result of our eﬀort is CFS++, which has been developed within the last ten years. In the following, we will discuss the
general structure of our simulation tool, our development environment, the current capabilities and advanced features.
2. Structure of CFS++ and Programming Environment
From the beginning, the main focus was and still is on numerical schemes for solving the arising systems of PDEs
within multi-ﬁeld problems. Therewith, we have no capabilities concerning geometric modeling, mesh generation or
post-processing. Instead, we provide interfaces to obtain the appropriate input data from a number of pre-processors1,
as well as to write diﬀerent ﬁle formats to feed a variety of post-processors2.
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2.1. Data I/O and Class Structure
To obtain the necessary input information for our numerical simulation tool, certain input ﬁles need to be provided:
• Mesh and ﬁeld data: This data provides the coordinates and mesh topology of all 3D (volume), 2D (sur-
face/interface) and 1D (interface) elements. Due to the fact, that all elements are tagged with unique ids, we can
diﬀer between diﬀerent physical regions where diﬀerent material properties may be applied, interfaces for the
speciﬁcation of couplings as well as surfaces within the computation. In addition to the mesh information also
ﬁeld information may be read as input to a simulation (e.g. source terms). By default, this data is stored in the
hierarchical ﬁle format HDF5 [1]. Additionally, we support ﬁle formats of a number of external pre-processors
and numerical codes1.
• Physical problem description: We use the XML-format for this task, as it is a standardized, easily extendable
and human-readable ﬁle format. By specifying schemas [2] for our expected input formats, it is possible to
validate input ﬁles written by humans as well as automatically generated ones. The following list shows the
main commands for the coupling section within a piezoelectric-acoustic example.
Table 1: XML input ﬁle listing for piezoelectric-acoustic coupling
1 <couplingList>
2 <direct>
3 <piezoDirect>
4 <regionList>
5 <region name="solid"/>
6 </regionList>
7 </piezoDirect>...
8 ...<acouMechDirect>
9 <surfRegionList>
10 <surfRegion name="interface"/>
11 </surfRegionList>
12 </acouMechDirect>
13 </direct>
14 </couplingList>
• Material data: The XML-ﬁle format is also used for the material description allowing for automatic processing
entries with 3rd party tools as well as integrity checking.
Concerning the result data, our standard ﬁle format is again HDF5. This enables us to do chained simulations,
since the output of a simulation may be used as an input for a subsequent simulation. We may also use third-party
tools like Matlab in this chain, due to the fact that the HDF5 format is supported by many codes. Furthermore, we
provide many speciﬁc input- and output-ﬁle formats to allow the use of diﬀerent pre- and post-processing tools2.
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Figure 1: Class structure for the piezoelectric-acoustic coupled PDEs (left) and resulting linear system (right).
1Supported pre-processors and CFD codes: ANSYS Classic, GiD, Gmsh, OpenFOAM, FASTEST, ANSYS-CFX
2Supported post-processors: ANSYS, GiD, Gmsh, GMV, VTK, ParaView
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The whole software is written in C++ and we exploit its class concept without loosing numerical performance by
using techniques like e.g. expression templates. The goal was and still is thatour numerical simulation tool CFS++
can be easily extended for any new PDE, any new physical coupling as well as new types of ﬁnite elements (e.g,
discontinuous ﬁnite elements). The ﬂexibility of our program structure is demonstrated by the coupled piezoelectric-
acoustic problem (ref. Fig. 1). In Fig. 1 the resulting linear system, as well as the involved classes are depicted. The
main class DirectCoupledPDE holds references to the three involved single ﬁeld problems, as deﬁned by the derived
SinglePDE objects of type ElecPDE, MechPDE and AcouPDE. Each PDE deﬁnes the BilinearForms and passes it
to the Assemble class, which performs the loop over all the involved elements. To arrive at the fully coupled system,
derived instances of the class Coupling deﬁne the mutual coupling between each two PDEs (here PiezoCoupling
and MechAcouCoupling). In the assembly phase, all element matrices of the BilinearForm instances get passed to
the AlgebraicSystem.
2.2. Development Environment
Concurrent development of a large software project by several programmers requires an advanced development envi-
ronment. For this purpose, we utilize the following tools:
• SVN: Subversion is a free/open source version control system, which manages ﬁles, directories, and the changes
made to them over time. It facilitates the recovery of older versions and the concurrent management of diﬀerent
developing branches [3].
• CFSDEPS: When developing a general purpose ﬁnite element code a lot of external libraries (e.g. BLAS,
LAPACK, ARPACK, Metis) have to be included. If more than the standard GNU compiler suite should be
supported it is almost certain that incompatibilities with pre-built system libraries will arise. Therefore we
decided to build all our dependencies in an automated script based manner. The scripts fetch the sources from
the web, unpack them, perform checksum checks, patch, conﬁgure, build and install the libraries.
• CMake Build System: CMake is a family of platform independent tools designed to build, test and package
software [4]. Instead of writing Makeﬁles or autoconf/automake scripts on Unix or Visual Studio projects on
Windows, one just needs to maintain platform independent conﬁguration ﬁles from which CMake will generate
the previously mentioned projects for the native build environments.
• CTest: In order to keep the quality of a software project high, it is imperative to perform automated tests, which
we specify in the same simple CMake syntax.
• CDash: This is an open source, web-based software testing server, which aggregates, analyzes and displays the
results of software testing processes submitted from diﬀerent clients [5]. We use it to gather information about
nightly builds on various platforms to track errors, e.g. which are platform-dependent (e.g. 32 bit vs. 64 bit).
• Trac: This tool is an enhanced wiki and issue tracking system for software development projects. Therewith,
we can discuss diﬀerent issues, ﬁx upcoming development steps by assigning tickets, browse the Subversion
repository and look at the changes been made between diﬀerent versions, [6].
3. Capabilities and Features
Asmentioned, our main focus is on an eﬃcient simulation tool for the development of sensors, actuator and sensor-
actuator-systems. Therewith, we have concentrated on FE formulations for electromagnetics, mechanics, acoustics,
thermal and ﬂuid ﬂow. Furthermore, we have currently realized the following couplings: electromagnetics - mechanics
- acoustics (electrodynamic loudspeaker, electromagnetic valve, electric power transformer, see, e.g., [7] and Fig.
3), piezoelectricity (ultrasound array, surface acoustic wave devices, stack actuators, see, e.g. [8]), electrostatics -
mechanics - acoustics (capacitive micro-machined ultrasound transducers, mirror systems and microphones, see, e.g.
[9] and Fig. 2), ﬂuid ﬂow - mechanics - acoustics (ﬂow-induced sound , human phonation, see, e.g., [10]). Most of
the implemented algorithms are described in [11].
Concerning special features, we may mention higher order ﬁnite elements (p-FEM) and spectral ﬁnite elements
(s-FEM) [12, 13], non-matching grid techniques (Mortar FEM) [14], micro-macro-modeling by homogenization [15],
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advanced material models including hysteresis [16], inverse schemes for the precise determination of material param-
eters [17], and topology optimization [18].
Figure 2: CMUT: snap-in computation
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Figure 3: Magnetic valve: setup and magnetic ﬁeld
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